Avalanche to streamer transition in particle simulations by Li, C. (Chao) et al.
5th Triennial Special Issue of the IEEE Transactions on Plasma Science (IMAGES IN PLASMA SCIENCE) 
Avalanche to streamer transition in particle simulations 
Chao Li, Ute Ebert, W.J.M. Brok 
The avalanche to streamer transition is studied and 
illustrated in a particle model. The results are similar to 
those of fluid models. However, when super-particles are 
introduced, numerical artefacts become visible. This 
underscores the need of models that are hybrid in space.   
Streamers are growing filaments of weakly ionized non-
stationary plasma produced by a sharp ionization front that 
propagates into non-ionized matter. Streamers are used in 
industrial applications such as lighting [1], ozone generation 
and gas and water purification, and they occur in natural 
processes such as lightning and transient luminous events in 
the upper atmosphere [2].  
Streamers can emerge from ionization avalanches in free 
space when the self-induced field becomes comparable to 
the applied field; this was recently reinvestigated in the 
framework of a fluid model in [3]. [4] has doubted that fluid 
models could be applied to avalanches in noble gas in a 
very low field; and in [5] striations were found in this case. 
In nitrogen and in intermediate fields, particle and fluid 
models give essentially the same results for planar 
ionization fronts, while there are growing deviations at 
larger fields as discussed in [6]. 
Here we show how a streamer arises from few seed 
electrons and a consecutive avalanche. The system is pure 
nitrogen at standard temperature and pressure in a constant 
high field of 100 kV/cm. We assume that the electrodes are 
far away or don’t exist as in many natural discharges. We 
use a particle model, while qualitatively similar results in a 
fluid model are illustrated in Figure 1 in [3]. 
The particle model includes the complete electron 
velocity and energy distribution as well as the discrete 
nature of particles. However, the required computation 
resources grow with the number of particles and eventually 
exceed the limits of any computer. This difficulty can be 
counteracted by using super-particles carrying the charge 
and the mass of many physical particles, but super-particles 
in turn create unphysical fluctuations and stochastic heating 
as we will demonstrate below.  
The simulation starts from 100 pairs of electrons and 
ions at one point and follows the initial particles and their 
offspring up to time 0.36 ns. In Fig 1, the simulated 
streamer is presented at two different moments: t = 0.18 ns 
(first row), t = 0.36 ns with real particles (second row) and 
at the same time in a super-particle simulation (third row). 
The super-particles are introduced as follows: If a specified 
number of particles, in our case 105, has been reached, a 
particle remapping is applied to reduce the number of 
computational particles; in this step, half of them are thrown 
away randomly and the weight of the remaining 
computational particles is doubled.  
At time t = 0.18 ns, we have approximately 105 electrons, 
and the maximal field enhancement is ~1%. The discharge 
is still in the avalanche phase. At t = 0.36 ns, the total 
number of electrons is roughly 1.5x107. Within the real 
particle simulation, the space charge layer has clearly 
formed. The maximal field enhancement is ~50%. In the 
super-particle simulation with 7x104 computational particles 
of mass 256, no charge layer has formed, but the charge 
densities are noisy and their maximum is inside the 
discharge. Clearly a different approach is needed for dealing 
computationally with the large numbers of   electrons. In 
[7], we describe how to circumvent the unwieldy runtimes 
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Fig. 1.  Avalanche to streamer transition in a par
and pressure.  The first row shows the avalanche
the same as the second, but using super-particle
electron density, charge density, and electric fie
Electron density (1/cm3) Electric field (kV/cm) 
t = 0.18 ns 
t = 0.36 ns, real 
particle simulation  
t = 0.36 ns, super- 
particle simulationCharge density (C/cm3)ticle simulation in a field of 100 kV/cm in nitrogen at standard temperature 
 at t = 0.18 ns, the second row the streamer at t = 0.36 ns, and the third row 
s that each represent 256 real particles. The columns show from left to right: 
ld. 
